Application of an external kilo-tesla-level magnetic field, which can be generated using high-intensity laser, to a target is a promising scheme to reduce spray angle of a laser-driven relativistic electron beam (REB) for enhancing the isochoric heating of a dense plasma with the laser-driven REB. Here we have developed a twodimensional electro-magnetic dynamics (2D-EMD) simulation code to solve Maxwell equations with considerations of the inductive heating and temperature-dependence of electrical conductivity of a material for calculating temporally and spatially resolved two-dimensional profile of the externally applied magnetic field in a gold-cone-attached target.
Application of an external kilo-tesla-level magnetic field, which can be generated using high-intensity laser, to a target is a promising scheme to reduce spray angle of a laser-driven relativistic electron beam (REB) for enhancing the isochoric heating of a dense plasma with the laser-driven REB. Here we have developed a twodimensional electro-magnetic dynamics (2D-EMD) simulation code to solve Maxwell equations with considerations of the inductive heating and temperature-dependence of electrical conductivity of a material for calculating temporally and spatially resolved two-dimensional profile of the externally applied magnetic field in a gold-cone-attached target.
Strong magnetic fields from a few hundreds to thousand Tesla have been produced by using the capacitor-coil target that is irradiated by high-intensity laser beams [1] [2] [3] [4] [5] [6] [7] in the laboratories. This strong magnetic field has already been applied to plasma physics researches, for example, magnetic field reconnection [8] , control of relativistic electron beam (REB) [9] , magneto-hydrodynamic instability [10] and fastignition inertial confinement fusion [11] .
Especially in the fast-ignition inertial confinement fusion, relativistic-intensity laser pulse (I L λ 2 L > 1.37 × 10 18 µm 2 W/cm 2 ) is used to heat instantaneously a pre-compressed fusion fuel, here I L and λ L are laser intensity and wavelength, respectively. A gold cone is attached to a spherical fusion fuel for excluding an ablated plasma from the path of the relativistic laser pulse to the pre-compressed fuel. A high-Z cone is required for preventing the cone wall from breaking by the ablated plasma and preheat caused by radiations and hot electrons. Relativistic laser-plasma interactions at the cone tip produces efficiently REB having > 0.511 MeV of average kinetic energy. The laser-produced REB has typically 100 deg. of large divergence angle, and this reduces energy coupling from the heating laser to the fuel core because a small portion of the diverged REB collides with the small fuel core.
Guiding of the diverging REB to the small fuel core is essential for demonstrating efficient fast-ignition. Application of the strong external magnetic field to the REB generation and transport regions has been proposed by several authors [12] [13] [14] [15] , we call this scheme with "Magnetized Fast Ignition (MFI)". The proof-of-principle experiment of the MFI scheme has been performed at Institute of Laser Engineering Osaka University using the laser-driven capacitor-coil target [11] . The laser-produced magnetic field must diffuse into the REB generation point and REB transport region before producing the REB.
Thickness and open angle of the gold cone used in the experiment [11] were 7 µm and 45 deg., respectively. The cone tip has a hole whose diameter was 100 µm diameter. The 500 µm-diameter coil made of 50 µm-diameter nickel wire was located at 225 µm away the center of fuel. Magnetic pulse * morita-h@ile.osaka-u.ac.jp † sfujioka@ile.osaka-u.ac.jp duration is about 1.5 ns of the full width at the half maximum (FWHM) [5] . Magnetic field diffusion time (τ dif ) is given for a cylindrical material as τ dif = 1/2µ 0 σ rL, here µ 0 , σ , r and L are permeability, electrical conductivity, cylinder radius and thickness, respectively. The electrical conductivity of gold is σ = 4 × 10 7 S/m at the normal condition. The magnetic field diffusion time is calculated to be τ dif = 8.8 ns for r = 50 µm and L = 7 µm, this diffusion time is much longer than the magnetic pulse duration (2 ns) [5] . The MFI scheme may be spoiled by this slow diffusion of the externally applied magnetic field.
In the real situation, strength of magnetic field produced using the laser-driven capacitor-coil scheme alters rapidly. This rapid change of the magnetic field strength drives a large inductive current in a cone. The inductive current heats ohmically the cone. Electrical conductivity of a material depends strongly on its temperature and relatively weakly on its density. Temporal change of the electrical conductivity affects significantly the magnetic field diffusion dynamics.
Temperature increment (∆T ) caused by external application of the strong magnetic field pulse can be roughly evaluated as c V ρ∆T = B 2 0 /2µ 0 , here c V , ρ, µ 0 and B 0 are isochoric specific heat, density, permeability and maximum magnetic field strength, respectively, with the assumption that the applied magnetic field energy is completely converted to the material internal energy. The specific heat of gold at the normal condition is c V = 129 J/(K kg) and its solid density is ρ = 19.3 g/cm 3 . If 500 T magnetic field is applied to a gold cone, its temperature increment is evaluated to be 3.4 eV. The solid density material at 3.4 eV is in so-called warm dense matter (WDM) state. Therefore the conductivity of the WDM must be considered to calculate the magnetic field diffusion dynamics.
In this paper, the magnetic field diffusion dynamics in a gold cone was investigated numerically. We developed a two-dimensional electro-magnetic dynamics (EMD) simulation code to compute spatial-and temporal-resolved twodimensional magnetic field profiles with considerations of the inductive heating and temperature dependence of electrical conductivities. A Finite Differential Time Domain (FDTD) method [16] was used for solving Maxwell equations. Inductive heat was calculated with the equation c V ρ∂ T /∂t = σ (T ) E 2 , here E is strength of electric field. The target con- figuration in this simulation is the same as that in the previous MFI integrated experiment [11] . A temporal shape of a current flow in a coil was a Gaussian, whose FWHM was 1 ns. The generated magnetic pulse reaches its peak value of 630 T, which corresponds to the maximum current of 250 kA [5] , at 3.0 ns in this simulation. This calculation runs from 0.0 ns to 6.0 ns. Computation region and mesh size are to be 5000 µm × 5000 µm and 2 µm, respectively. Figure 1 shows the temperature dependence of gold conductivity used in this calculation. The conductivity below T = 0.27 eV of the boiling point was calculated with the BlochGruneisen formula [18] . The conductivity above the boiling point, which corresponds to WDM state, was calculated with the model [19] developed by Fu et al.,. The calculated conductivity drops suddenly at a boiling temperature. This drop is attributed to the metal-insulator transition at the boiling point. The electrical conductivity of the plasma regime was calculated with modified Spitzer-Harm formula described as
where γ, ln(Λ) and Z ion are the electron correlation factor, Coulomb logarithm and ion charge state respectively. The electron correlation factor [20] describes the effect of electron-electron collision. The Coulomb logarithm in this WDM model is calculated with classical-binary cut-off theory [21] . And the non-ideal Saha equation, which contains free energy lowering due to the electron screening effect, is used to include the ionization process associated with temperature increment:
where h, n z and U z are Plank constant, number density and internal portion function for z-fold ion. I eff z is the effective ionization energy from (z − 1) to z.
FIG. 2. Spatial distributions of magnetic field at 3 ns for two cases:
(a) the gold conductivity remains the cold value (σ = 4 × 10 7 S/m) and (b) the temperature dependence of gold conductivity is considered. The applied magnetic field can penetrate through the gold cone wall when the wall temperature increases above the boiling point (0.27 eV).
The specific heat consists of two components, one is caused by ion lattice vibration and the other is by free electrons. It is known as the Dulong-Petit's law that the ion lattice specific heat is 3n i k B . In high temperature above the boiling point, the ion specific heat drops down to 3/2n i k B because the lattice structure is broken and the degree of freedom for lattice vibration is vanished.
The specific heat of electrons is obtained by using the chemical potential for a dense plasma, however, the electron specific heat is significantly smaller than the lattice specific heat for low temperature(less than the Fermi temperaturē h 2 /2m e (3π 2 n e ) 2/3 ∼ 1 eV). When the temperature increases up to a order of 1 eV, the electron specific heat become comparable to lattice one and its value is 3/2n e k B . The averaged ionization degree solid gold is calculated as 1.16 at 3 eV from eq.2, majority of gold atoms are singly ionized. Therefore the specific heat of gold at several eV is approximately estimated as 3/2(n i + n e )k B ∼ 3n i k B . This value is almost same as the cold specific heat, therefore we used the constant value of specific heat of 129 J/(K kg) in our simulation. Magnetic field diffusion into the gold cone as shown in Fig.2 was computed by using 2D-EMD simulation code. The upper panel of Fig. 2 shows the spatial profile of magnetic field calculated without consideration of the electrical conductivity change, namely, the gold's electrical conductivity remains its cold value of 4 × 10 7 S/m during this computation. In this case, the applied magnetic field cannot penetrate the 7 µm thick cone wall before the peak time (3.0 ns) because the diffusion time evaluated as 8.8 ns as discussed above. On the other hands, the lower panel in Fig.2 shows the profile of magnetic field in the case that the temperature dependence of conductivity shown in Fig.1 was considered. Considering the temperature dependence of conductivity, the applied magnetic field can penetrate through the 7 µm-thick gold wall. This is because the gold wall is heated above the boiling point of 0.27 eV at 0.7 ns before the peak timing. The temporal evolution of magnetic field strength and temperature at (x, y) = (225, 100) in the cone wall are shown in Fig.3 . The cone wall temperature was lower than the boiling and magnetic field does not penetrate though the cone wall before 2.3 ns. The wall temperature becomes higher than the boiling point at 2.3 ns, then magnetic field begins to diffuse suddenly into the cone. After that time, the magnetic field rises up and reaches the maximum value at 3.36 ns. The temperature increase up to 4.79 eV during the pulse duration.
Our calculation reveals that the temporal change of the electrical conductivity of the cone wall affects significantly magnetic field strength at the cone tip. Figure 4 shows line profiles of magnetic field strength along the cone axis calculated for three cases: The first case is to calculate the profile with the conductivity (σ = 1 × 10 −12 S/m) of a insulator, the second one is to calculate the profile with the conductivity (σ = 4 × 10 7 S/m) of a cold gold neglecting its temperature dependence, and the third one is to calculate the profile with considering the temperature dependence shown in Fig. 1 . Magnetic fields at the tip of the cone are 96 T, 335 T and 448 T for each case, respectively.
The REB guiding requires > 350 T of the magnetic field strength [9] . The field strength at the cone tip is not strong enough to guide the REB to core in the case 2. In the case 3, the field strength at the tip of the gold cone is close to the requirement for the guiding. Although it was assumed that the capacitor coil target was irradiated by a single beam of GEKKO-XII whose laser energy was 600 J [5] , the capacitor coil target was irradiated by 3 times larger energy in the MFI experiment [11] . The magnetic field at the tip of the cone in Ref. [11] could be larger than 350 T that is strong enough to guide the REB. Our numerical calculation is verified indirectly by the previous experimental result that laser-to-core coupling was improved twice by applying the laser-driven strong magnetic field to the gold-cone-attached target.
In the summary, we have developed the two-dimensional electro-magnetic dynamics simulation code with considera- FIG. 4 . Line profiles of the magnetic field strength on axis for three cases. The first case was calculated with the conductivity (σ = 1 × 10 −12 S/m) of a insulator, the second one is calculated with the conductivity (σ = 4 × 10 7 S/m) of a cold gold neglecting its temperature dependence, and the third one is calculated with considering the temperature dependence shown in Fig.1 . Magnetic field strengths at the tip of the cone are 96 T, 335 T and 448 T, respectively. tion of the induction heating and temperature dependence of gold conductivity in order to calculate two-dimensional magnetic field profile in the gold cone for the MFI scheme. The magnetic field penetrates slowly in the gold wall before the timing when its temperature reaches above the boiling point. Consequently, the peak timing of the interior magnetic field strength is delayed compared to that of exterior one for a 7µm-thick gold wall. The calculation shows that the field strength at a tip of gold cone is 335 T that is strong enough guide the REB to fuel core.
